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In this study, we conducted various magnetotransport measurements on Fe1+yTe1−xSex single crystals from
which excess iron was sufficiently removed. Our results revealed that crossover from the incoherent to the
coherent electronic state and opening of the pseudogap occur at high temperatures (≈ 150 K for x = 0.2). This
is accompanied by a more substantial pseudogap and the emergence of a phase with a multi-band nature at
lower temperatures (below ≈ 50 K for x = 0.2) before superconductivity sets in. A comparison of these results
with those of the as-grown (non-superconducting) samples implies that the coherent state accompanied by the
pseudogap is needed for the occurrence of superconductivity in this system.
I. INTRODUCTION
Knowledge of the doping(x)-temperature (T ) phase dia-
gram of superconductors with a high superconducting tran-
sition temperature, Tc, and with strongly correlated electrons,
such as the cuprates and Fe-based superconductors, is well
recognized to be crucial to understand the mechanism of high-
Tc superconductivity [1]. Especially, the anomalous non-
Fermi-liquid-like normal-state transport properties are central
problems that need to be solved. Among the Fe-based super-
conductors, the iron chalcogenide Fe1+yTe1−xSex [2] is unique
in that its crystal structure is the simplest; it only consists of
conducting FeX (X:Te or Se) layers, and the electron corre-
lation level is considered to be the strongest [3]. Therefore,
it is important to investigate the phase diagram of this sys-
tem. However, the existence of excess iron (represented as y
in the above-mentioned formula) has thus far prevented the
establishment of the true phase diagram of this system. Re-
cently, an O2-annealing technique was developed to remove
excess iron from the Fe1+yTe1−xSex system; hence, this tech-
nique was employed to investigate its phase diagram [4]. This
pioneering work showed that the antiferromagnetic (AFM) or-
dered phase exists only for x < 0.05 and bulk superconductiv-
ity emerges from x = 0.05, and that these two phases do not
coexist with each other. Furthermore, the temperature depen-
dence of the Hall coefficient, RH , showed a peak at T ∗. This
result suggests that a phase of a multi-band nature appears be-
low T ∗. Presently, however, this anomalous behavior is not
yet fully understood.
On the other hand, the evolution from incoherent to co-
herent electronic states with increasing Se doping, i.e., by
increasing x, in this Fe1+yTe1−xSex system was observed by
angle-resolved photoemission spectroscopy (ARPES) [5, 6].
That is, a broad ARPES spectrum for both the hole and elec-
tron bands near Γ and the M point, respectively, for sam-
ples with x ≤ 0.2, which is indicative of incoherent electronic
states, has been shown to progressively change to sharper
ones, thereby indicating coherent electronic states, for the
samples with x ≥ 0.4. Because the samples with x ≤ 0.2 were
found to be non-superconducting [5], whereas those with x
≥ 0.4 were superconducting, a close relationship between the
coherent electronic state and the emergence of superconduc-
tivity has been suggested. Unfortunately, however, an amount
of excess iron may have been incorporated in these ARPES
samples [5, 6], thus the effects of excess iron and doping (i.e.,
the value of x) were not resolved in this previous work. There-
fore, examining this crossover phenomenon more systemati-
cally and establishing the phase diagram is expected to be a
great challenge.
Here, we address this issue by conducting transport mea-
surements such as determining the Hall coefficient RH and
magnetoresistance (MR), as well as the in-plane and out-of-
plane resistivities, ρab and ρc, respectively, at zero field, fo-
cusing on the sample with low Se concentration x = 0.2. Prior
to this study, we developed a new annealing method to re-
move excess iron (hereafter denoted as “Te-anneal”), in which
single crystals are annealed under tellurium vapor [7]. This
Te-annealing method has the advantage of sufficiently remov-
ing the excess iron without damaging the samples, even those
with lower Se concentrations (it is known that the smaller the
amount of doping x, the more difficult it is to remove excess
iron). Because the as-grown samples are non-superconducting
(superconductivity is filamentary even if it exists [7]) and the
annealed samples are fully superconducting (Fig. 1), this Te-
annealing method has provided us with the unique opportunity
to study the transport properties of both types of samples (non-
superconducting and superconducting) comparatively for a
fixed amount of doping x. Furthermore, Te-annealing has en-
abled us to measure ρc, because we can obtain thick samples
along the c-axis even after annealing. We find that the an-
nealed samples show anomalies in ρab, ρc, and RH at T ∗ρab ,
T ∗ρc , T
∗∗
RH
, and T ∗RH , respectively, whereas the as-grown sample
does not exhibit these anomalies. Furthermore, we observe
markedly negative MR for both the samples. Based on these
observations, we decided to perform a simple two-band anal-
ysis. The results show that only the superconducting samples
undergo a crossover from incoherent to coherent, accompa-
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2nied by the opening of a pseudogap with a broad boundary at
T ∗∗RH and T
∗
ρab
(≈ 150 K). Subsequently, a phase with a multi-
band nature appears below T ∗ρc and T
∗
RH
(≈ 50 K), implying
that the crossover plays an important role in the occurrence of
superconductivity in this FeTe1−xSex system.
II. EXPERIMENT
Single crystals of Fe1+yTe1−xSex (0≤ x ≤0.4) were grown
using the Bridgman method [7]. The nominal composition
of Fe was set to 1.03, which is in common with that of the
Se-doped samples. For Fe1+yTe, it was set to 1.13. Se-
lected as-grown crystals were cleaved into smaller crystals ≈ 1
mm thick, and they were annealed under tellurium vapor (Te-
anneal) [7] for more than 400 h at 400 ◦C. Electron probe mi-
croanalysis (EPMA) showed that the amount of excess iron,
y, in the annealed samples was roughly zero, whereas the
amount of doping x was unchanged. Magnetic susceptibil-
ity measurements were performed using a superconducting
quantum interference device (SQUID) magnetometer (Quan-
tum Design MPMS) with a magnetic field of 30 Oe applied
parallel to the c-axis.
The in-plane resistivity ρab was measured using the stan-
dard DC four-terminal method. The out-of-plane resistivity ρc
was measured using the modified DC four-terminal method,
in which voltage contacts were attached to the center of the
ab plane, and the current contacts almost covered the entire
remaining space [8]. The Hall resistivity ρyx and magnetore-
sistance (MR) were simultaneously measured using a Physi-
cal Property Measurement System (Quantum Design PPMS)
with the five-terminal method with the applied field parallel
to the c-axis. The value of ρyx was obtained by averaging the
difference of the data set at positive and negative fields, i.e.,
ρyx(H) = (ρyx(+H)−ρyx(−H))/2, which can eliminate the MR
component due to the misalignment of contacts.
III. RESULTS
Figure 1 (a)–(d) show the temperature dependence of the
magnetic susceptibilities χ of the Te-annealed Fe1+yTe1−xSex
single crystals, for x = 0.15, 0.2, 0.3, and 0.4, respec-
tively. The main panels show the zero-field-cooled (ZFC)
data, whereas the insets show the field-cooled (FC) data. All
the plotted data show sharp superconducting transitions (∆ Tc
≤ 1 K) with the onset temperatures of 12.1, 12.8, 13.7, and
14.5 K, for x = 0.15, 0.2, 0.3, and 0.4, respectively. Here,
the superconducting transition width ∆ Tc was determined by
the interval between the onset temperature of the ZFC signal
and the temperature at which this signal reached 90 % of its
maximum value. These data confirm that the superconduct-
ing properties of the Te-annealed samples are very good. In
addition, it should be remarked that all the samples show the
Meissner signal (negative value in the FC data) even though
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FIG. 1. (Color online) Temperature dependence of the zero-field-
cooled (ZFC) normalized magnetic susceptibilities χ for Te-annealed
Fe1+yTe1−xSex single crystals with (a) x = 0.15, (b) x = 0.2, (c) x =
0.3, and (d) x = 0.4. The insets show the field-cooled (FC) data. Data
were recorded by applying a magnetic field of 30 Oe parallel to the
c-axis.
the signal is very weak, which may be attributed to the suffi-
cient removal of excess iron by Te-annealing.
Figure 2(a) and (b) show ρab(T ) for the as-grown and fully
Te-annealed Fe1+yTe1−xSex (0≤x≤0.4) single crystals, respec-
tively. These data reproduce the overall features of the O2
annealed crystals [4]. The as-grown crystals show a resistiv-
ity drop that originated in the long-range AFM transition at ≈
50 K in the doping region of 0≤x≤0.04, whereas for x ≥0.05,
they show filamentary (rather than bulk in nature) supercon-
ductivity [7]. For the annealed crystals, the AFM transition
is observed at TN ≈ 70 K for x = 0, after which it decreases
with increasing x to ≈ 30 K for x = 0.06, and bulk supercon-
ductivity appears for x ≥ 0.08 [7]. It should be noted that
the temperature dependence of ρab for all the superconducting
crystals appears as a poorly resolved broad structure. Here,
the temperature at which ρab reaches its maximum is defined
as T ∗ρab . T
∗
ρab
linearly increases from 110 K for x = 0.08 to 230
K for x = 0.4.
Figure 2(c) and (d) show ρc(T ) for the as-grown and fully
Te-annealed Fe1+yTe1−xSex (x = 0.2, 0.3, and 0.4) single crys-
tals, respectively. The as-grown crystals show smooth semi-
conducting behavior before the filamentary superconducting
transition. On the other hand, the annealed crystals show
semiconducting behavior at higher temperatures similar to the
as-grown crystals; however, they show the typical plateau be-
low the temperatures, T ∗ρc , before the bulk superconducting
transition. T ∗ρc is estimated to be ≈ 55, ≈ 65, and ≈ 90 K for
x = 0.2, 0.3, and 0.4, respectively. Here, T ∗ρc is estimated as
the temperature at which the second-order derivative is mini-
mized. Although this plateau appears highly anomalous, our
observation is consistent with a previous report about an O2
annealed x = 0.4 crystal [9].
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FIG. 2. (Color online) Normalized in-plane resistivity ρab(T ) for the (a) as-grown and (b) Te-annealed Fe1+yTe1−xSex (0 ≤ x ≤ 0.4) single
crystals, and normalized out-of–plane resistivity ρc(T ) for the (c) as-grown and (d) Te-annealed Fe1+yTe1−xSex (0.2 ≤ x ≤ 0.4) single crystals.
The resistivity data are shifted vertically for clarity. The arrows indicate the superconducting, AFM transitions, and characteristic temperatures,
T ∗ρab and T
∗
ρc
.
We examined the changes in the electronic system as a
result of Te-annealing by measuring the temperature depen-
dence of the Hall coefficients, RH , for the Fe1+yTe0.8Se0.2 sin-
gle crystals. Hereafter, our discussion concentrates on the
measurements of the x = 0.2 crystals. Figure 3(a)-3(c) show
the magnetic field dependence of the Hall resistivity, ρyx, at
several temperatures for the as-grown, 400 h-annealed, and
600 h-annealed Fe1+yTe0.8Se0.2 single crystals, respectively.
In all cases, ρyx increases linearly with the applied magnetic
fields maintaining a positive slope, dρyx/dH>0, down to low
temperatures slightly above Tc. These results indicate that the
hole-type carrier dominates the electron transport. It should
be noted, however, that this field-linear behavior in ρyx is
quite contrary to that of the FeTe0.5Se0.5 thin films[10] and
Fe1+yTe0.6Se0.4 single crystals [11], for which ρyx showed
marked nonlinear behavior when exposed to magnetic fields
below ≈ 40 K. We suppose that some kind of carrier imbal-
ance between the electrons and holes occurs for the samples
with x ≥ 0.4.
Then, RH = ρyx/µ0H for the as-grown, 400 h-annealed, and
600 h-annealed crystals were plotted as a function of tempera-
ture and are shown in Fig. 3(d). All the samples show similar
behavior from room temperature to ≈ 50 K: RH has an al-
most constant positive value from room temperature to ≈ 150
K, and below this temperature it gradually increases with de-
creasing temperature. On the other hand, below 50 K, each of
the samples was observed to exhibit different behavior. RH for
the as-grown crystal rapidly increases with decreasing temper-
ature, whereas for the 400 h-annealed crystal, the increasing
trend weakens, and for the 600 h-annealed crystal it stabilizes
to show rather plateau-like behavior. This result agrees with
that in the previous report[4] and suggests that the multi-band
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FIG. 3. (Color online) Hall resistivity, ρyx, at several temper-
atures for the (a) as-grown, (b) 400 h-annealed and (c) 600 h-
annealed Fe1+yTe0.8Se0.2 single crystals. (d) Temperature dependence
of Hall coefficients, RH , for the as-grown, 400 h-annealed and 600
h-annealed Fe1+yTe0.8Se0.2 single crystals. The arrow indicates the
characteristic temperature T ∗RH .
nature manifests itself below 50 K. The temperatures at which
RH starts to increase (≈ 150 K) and ramifies (≈ 50 K) are de-
fined as T ∗∗RH and T
∗
RH
, respectively. Remarkably, T ∗∗RH and T
∗
RH
coincide with T ∗ρab and T
∗
ρc
, respectively.
Additional insight into the anomalous RH was obtained by
measuring the magnetoresistance (MR) for these crystals (x
= 0.2) at several temperatures above Tc (Fig. 4(a)-4(c)). In
all cases, negative MR is observed, which is in contrast to
the large positive MR for an O2 annealed x = 0.4 single crys-
tal [11], but agrees with the results obtained for polycrystals
of x = 0.1 and 0.2 [12]. Because the MR exhibits H2 behav-
ior, the coefficient A is plotted as a function of the tempera-
ture in Fig. 4(d). In all cases, at higher temperatures, A is
very small and temperature independent; however, the magni-
tude of A gradually increases below T ∗∗RH and rapidly increases
below T ∗RH . Overall, the behavior of these samples is simi-
lar except for the fact that the increase in A below T ∗RH seems
faster for the annealed samples than for the as-grown sam-
ple. To clarify the difference, we plotted MR as a function of
tan ΘH ≡ σxy/σxx at several temperatures for these samples
in Fig. 5(a)-5(c). In the as-grown sample, all the MR data
lie on one curve, indicating that the modified Kohler’s rule
(∆ρ/ρ(0) ∝ tan2 ΘH , but MR is negative here) and this holds
for the entire temperature and magnetic field range that was
measured (Fig. 5(a)). On the other hand, in the Te-annealed
samples, the MR data above T ∗RH (≈ 50 K) fall on one curve.
The reason why the modified Kohler’s rule holds for negative
MR is currently unknown; however, these results may be the
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FIG. 4. (Color online) Magnetoresistance (MR), at several tempera-
tures for the (a) as-grown, (b) 400 h-annealed and (c) 600 h-annealed
Fe1+yTe0.8Se0.2 single crystals. (d) Temperature dependence of co-
efficient A for the as-grown, 400 h-annealed, and 600 h-annealed
Fe1+yTe0.8Se0.2 single crystals. The arrows indicate the characteristic
temperatures, T ∗∗RH and T
∗
RH
.
reflection that, in the as-grown sample, transport is effectively
dominated by one hole band, whereas in the Te-annealed sam-
ples, a phase of a multi-band nature appears below 50 K. Con-
sequently, the behavior of MR corresponds well with the tem-
perature dependence of RH .
The large RH and related strong temperature dependence
have frequently been observed in Fe-based high-Tc supercon-
ductors [4, 10–18] including Fe1+yTe1−xSex. The origin of this
behavior has been discussed in terms of anisotropic carrier
scattering due to strong AFM fluctuations [13–15] or multi-
band effects with electron-hole asymmetry [4, 11, 16]. The
former interpretation was first successfully applied to high-Tc
cuprates or heavy fermion systems [19]. However, if the elec-
tron transport is dominated by either anisotropic carrier scat-
tering or multiband effects, the orbital MR should be positive.
Therefore, we would have to search for another cause to in-
terpret the observed negative MR. One possibility may be the
Kondo effect due to magnetic impurity scattering. Here, the
excess iron, which is inevitably incorporated in the as-grown
crystal [7], could be the magnetic impurity responsible for the
negative MR [12]. Indeed, our as-grown crystals show semi-
conducting temperature dependence of ρab (Fig. 2(a) and Fig.
6(b)), which is the typical behavior of ρab associated with the
existence of a magnetic impurity. However, we observe neg-
ative MR (Fig. 4(b) and (c)) even when the excess iron is
removed and ρab shows metallic behavior (Fig. 2(b) and Fig.
6(b)). Therefore, at least for the annealed crystals, this in-
terpretation to explain the negative MR is unlikely. Another
possibility is that the negative MR is caused by the pseudogap
effect. High-Tc cuprates are well known to exhibit negative
out-of-plane MR due to the recovery of the electronic density-
of-states (DOS) along with the suppression of the pseudogap
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FIG. 5. (Color online) Magnetoresistance (MR) as a function of tan2ΘH at several temperatures for the (a) as-grown, (b) 400 h-annealed, and
(c) 600 h-annealed Fe1+yTe0.8Se0.2 single crystals.
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under magnetic fields [20, 21]. In our work, we may have
observed a similar effect for ρab. Very recently, a pseudogap
opening below 150 K was directly observed by ARPES in the
electron band around the M point for a Te-annealed sample
with x = 0.2 [22].
We examined what happens at T ∗∗RH or T
∗
RH
by analyzing the
observed transport coefficients, ρab and RH , of samples with
the same Se concentrations (x = 0.2). For this purpose, we
adopt a simple two-band model with an equal number n of
electrons and holes, assuming FeTe1−xSex is a compensated
semimetal, but permitting n to be temperature dependent. This
assumption is justified in two ways. The first is our observa-
tion of the field-linear behavior in ρyx (Fig. 3(a)-(c)). In a
two-band model, the Hall coefficient RH becomes field depen-
dent when the number of holes and electrons are different [11].
However, only when they are equal, RH takes a constant value,
resulting in ρyx becoming linear in the magnetic field. There-
fore, the observed field-linear ρyx indicates that the number of
holes and electrons are the same (or nearly equal). The second
justification is the estimation of the number of holes and elec-
trons from the Fermi surface area by using ARPES [23]. For
the sample with x = 0.2, the number of holes and electrons are
estimated to be 0.304 and 0.300 /unit cell, respectively, which
assures that they are almost the same.
Then, the in-plane resistivity and Hall coefficient are de-
scribed as, ρab = 1ne(µe+µh) and RH =
µh−µe
ne(µe+µh)
, respectively,
where µe (µh) is the mobility of electrons (holes). First, µe
of the as-grown sample is assumed to be zero, because RH of
this sample is always positive and smoothly evolves with tem-
perature (Fig. 3(a) and (d)), which implies that the electron
contribution to the transport properties is small. Thus, in the
as-grown sample, the two-band model effectively results in a
one-band model. Then, n can be estimated using the observed
RH as n = 1eRH (Fig. 6(a)). The number of carriers (holes) n
gradually decreases as the temperature decreases from room
temperature to ≈ 150 K, but it rapidly decreases consistent
with the assumption that the pseudogap opens below this tem-
perature. Figure 6(b) shows ρab for the the as-grown, 400 h-
annealed, and 600 h-annealed samples. One may notice that,
at temperatures below ≈ 150 K, ρab of the as-grown sample
gradually increases as the temperature decreases, whereas ρab
of the annealed samples show metallic behavior below this
temperature. Next, for each of the samples, µh and µe are es-
timated using ρab (Fig. 6(b)) and RH (Fig. 3(d)) with the two-
6- 
FIG. 7. (Color online) Characteristic temperatures vs. Se concen-
tration x for Te-annealed Fe1+yTe1−xSex. Closed symbols represent
the characteristic temperatures obtained in this study. Open circles
of T ∗RH are replotted from ref. [4].
band model assuming that the obtained n is common for all the
samples. A small amount of excess Fe may not alter the over-
all band structure (i.e., the number of carriers n). The results
are plotted in Fig. 6(c) and (d), respectively. It is evident that
the values of µh of the annealed samples increase much faster
than those of the as-grown sample below 150 K (≈ T ∗∗RH ). In
addition, as expected considering the temperature dependence
of RH (Fig. 3(d)), the values of µe of the annealed samples ap-
pear below T ∗RH (≈ 50 K). These results indicate that, in the as-
grown sample, ρab is semiconducting (dρab/dT< 0) primarily
owing to the decrease in n below T ∗∗RH , whereas in the annealed
samples, ρab is metallic (dρab/dT> 0) below this temperature.
This is because the increase in µh surpasses the decrease in n
below T ∗∗RH . In addition, below T
∗
RH
, the appearance of µe for
the annealed samples further contributes to in-plane metallic
conduction. The appearance of electron carriers is consistent
with a recent ARPES measurement in which clear electron
pockets around the M point, as well as hole pockets around
the Γ point, were observed for Te-annealed samples with x =
0.2 [22]. The increase in the mobilities implies an enhance-
ment of the carrier lifetime τ, thus it implies that the electronic
states become coherent. We further confirmed this kind of in-
coherent to coherent crossover transition by ARPES measure-
ments [23]. Consequently, in the superconducting samples,
the electron bands become coherent below T ∗RH , whereas the
hole bands become coherent below T ∗∗RH .
The characteristic temperatures T ∗ρab , T
∗
ρc
, T ∗∗RH , T
∗
RH
, TN , and
Tc are plotted as a function of the Se concentration x in Fig.
7. The long-range AFM ordered state exists only in the range
of 0 ≤ x ≤ 0.06 and the superconducting state emerges at x
≥ 0.08. The fact that the AFM and superconducting states do
not coexist agrees with the recent report on Fe1+yTe1−xSex [4],
which implies that the static AFM order competes with super-
conductivity in this system. However, a comparison of their
results [4] with ours reveals some differences. First, the phase
boundary is slightly different; it exists at approximately x =
0.07 in this study, whereas in the other study it is asserted as
being at x = 0.05 [4]. Second, more importantly, the AFM
state is gradually suppressed with increasing x, and finally it
is replaced by superconductivity at approximately x = 0.07
as in a quantum critical phase transition, in contrast to the
sudden (first-order-like) transition observed previously [4].
These differences may have their origins in the different an-
nealing procedures that were used. Our result on the rela-
tion between the AFM and superconducting states is similar
to the phase diagram of CeFeAsO1−xFx [24] or heavily doped
LaFeAsO1−xHx [25], but appears to be different from that
obtained for LaO1−xFxFeAs [26]. Our phase diagram is ap-
parently different from that of Ba(Fe1−xCox)2As2 [27] where
AFM and superconductivity coexist.
For the superconducting samples with x ≥ 0.08, the multi-
band nature always appears before superconductivity sets in.
This result is consistent with the scenario where pairing is me-
diated by AFM fluctuations via Fermi surface nesting between
the holes and electron Fermi pockets [28, 29]. Moreover, it
should be remarked that the incoherent to coherent crossover
transition always appears before the multi-band nature or su-
perconductivity sets in.
As noted above, T ∗∗RH and T
∗
ρab
coincide. This implies that
opening of the pseudogap is correlated with the coherent tran-
sition. Moreover, T ∗RH and T
∗
ρc
coincide. Because the partici-
pation of electron carriers in charge transport is the cause for
T ∗RH , this would also be expected to be the cause for anomalous
T ∗ρc . In the annealed samples, ρab is metallic but ρc is semicon-
ducting in the temperature range between T ∗ρab and T
∗
ρc
. This is
very similar to the behavior of the cuprates [30], for which the
Fermi surface is two-dimensional (2D) and the out-of-plane
hopping probability, t⊥, reaches its maximum at the anti-node
where the pseudogap opens [31]. Thus, we assume that the
hole band in the Fe1+yTe1−xSex system is similar to that of the
cuprates. On the other hand, when the electron band appears
below T ∗ρc , ρc shows a plateau (Fig. 2 (d)). This is because the
out-of-plane conductivity originated in the electron band is
added to the semiconducting conductivity of the hole bands.
This indicates that the out-of-plane conductivity of the elec-
tron band is rather metallic. On the basis of this result, we
suppose that t⊥ of the electron band does not depend much on
the in-plane wavenumber when the band is 2D, or the elec-
tron band is anisotropically three-dimensional (3D). Here, we
would like to emphasize that these temperatures (T ∗ρab , T
∗
ρc
, and
T ∗RH ) appear only in the superconducting (annealed) samples.
It should be noted that T ∗ρab cannot be recognized in the sam-
ples with low Se concentrations (x ≤ 0.06) and those samples
are not superconducting, irrespective as to whether they are
annealed (Fig. 2 (a) and (b)).
Based on this analysis, we conclude that superconductiv-
ity emerges from the coherent electronic state that is accom-
panied by opening of the pseudogap in this Fe1+yTe1−xSex
system. In other words, the existence of the coherent state
7with the pseudogap is a prerequisite for the occurrence of su-
perconductivity. The importance of the coherent electronic
state for the emergence of superconductivity has been in-
ferred by ARPES measurements [5, 6]. Here, we verified,
using transport measurements, that the incoherent to coherent
transition and opening of the pseudogap always take place in
the superconducting Fe1+yTe1−xSex samples at the doping(x)-
dependent characteristic temperature T ∗∗RH (or T
∗
ρab
) above Tc.
IV. DISCUSSION
We next discuss the origin of the pseudogap. The ob-
servation of the pseudogap has been reported for other
Fe-based superconductors such as Ba0.75K0.25Fe2As2 [32],
BaFe2(As1−xPx)2 [33], and FeSe [34], and the origin
thereof has been explained in several ways. Here, in the
Fe1+yTe1−xSex system, we observed the transformation of the
electronic state to occur in two steps: at higher temperature
T ∗∗RH (or T
∗
ρab
) and at lower temperature T ∗RH (or T
∗
ρc
). We sup-
pose that the pseudogap opens at both of the temperatures T ∗∗RH
and T ∗RH ; the former (latter) corresponds to the temperature
below which the pseudogap gradually (substantially) opens.
One possibility for the occurrence of the pseudogap is the
fluctuations of the electronic nematic orders. First, we con-
sider the origin of the pseudogap at T ∗∗RH . In strongly correlated
iron chalcogenides such as Fe1+yTe1−xSex, an orbital-selective
Mott phase (OSMP) and related incoherent to coherent transi-
tion has been proposed to exist theoretically [35, 36] and it has
actually been observed by ARPES [6, 37], in which only the
dxy orbital state (coherent at lower temperatures) loses spectral
weight at higher temperatures due to strong on-site Coulombic
interactions U and Hund’s coupling J. Thus, our observation
for the coherent transition below T ∗ρab may correspond to the
transformation from OSMP to the metallic state. On the basis
of the experimental observation (Fig. 6 (c)), we assume that
the hole bands become coherent below this temperature. We
consider this coherent transition to be responsible for trigger-
ing the opening of the pseudogap. When the states become
coherent, the Fermi surfaces become well defined with some
kind of band hybridization, which would cause the pseudo-
gap to open through inter-band nesting. Simultaneously, this
inter-band nesting would enhance the orbital nematic fluctu-
ations [38]. In fact, elastoresistance measurements have re-
vealed a strong nematic response for FeTe0.6Se0.4 below Ts (≈
T ∗∗RH or T
∗
ρab
), similar to other optimally doped Fe-based super-
conductors [39]. Furthermore, energy splitting between the
dxz and dyz bands at the Γ point, which is evidential of orbital
fluctuations, has been observed at low temperatures [40]. An
elastic constant C66 in this compound showed substantial (≈
40 %) softening [41] from high temperatures corresponding
to T ∗∗RH in a similar manner to Ba(Fe1−xCox)2As2 [42]. The
electron-lattice coupling constant λ evaluated by Jahn-Teller
analysis was large (≈ 0.15 eV/Fe), further supporting the sce-
nario for the development of the orbital nematic fluctuations.
Next, we consider the origin of the pseudogap at T ∗RH . Con-
sidering the experimental observation (Fig. 6 (d)), we assume
that the electron bands also become coherent below this tem-
perature as part of the coherent transition originated in the
OSMP. Then, this coherent transition strengthens the inter-
band nesting with additional band hybridization, which would
result in substantial pseudogap opening. This improved nest-
ing would enhance the spin nematic fluctuation as well [43].
Actually, in the optimally superconducting FeTe1−xSex, the
ratio of the strength of spin correlations with a single-stripe
AFM wave vector QS AF = (pi, 0) (here we use Q-vector no-
tation in the 1-Fe unit cell) that connects the hole and elec-
tron pockets to that with a double-stripe AFM wave vector
QDSAF = (pi/2, pi/2) has been shown to grow [44] similar to the
nematic response of the elastoresistance measurements [39].
This result suggests that the single-stripe AFM fluctuations
are responsible for the nematicity especially at low tempera-
tures below T ∗RH . We consider that QDSAF = (pi/2, pi/2), which
developed in the parent compound Fe1+yTe, competes with
QS AF = (pi, 0) causing T ∗RH to decrease with decreasing x, and
eventually to disappear at x = 0.07.
The validity of this assumption was investigated by elastic
constant measurements. The elastic constant C44 in this com-
pound showed softening at low temperatures, but the amount
of softening was small (≈ 5 %), and the λ was small (≈ 0.03
eV/Fe) [45] compared with λ (0.22 - 0.25 eV/Fe) for C66 of
Ba(Fe1−xCox)2As2 [42]. This result implies that the devel-
opment of spin correlation with QDSAF = (pi/2, pi/2) is re-
sponsible for the anomalous C44 [45]. On the other hand,
the development of QS AF = (pi, 0) correlation may contribute
to the anomalous C66. With increasing Te-annealing dura-
tions, the C44 anomaly decreased, whereas the C66 anomaly
increased [41]. This result implies that the spin correlation
with QDSAF = (pi/2, pi/2) was weakened whereas that with
QS AF = (pi, 0) was strengthened by the annealing. This is
consistent with the assumption that double-stripe AFM order
competes with single-stripe AFM fluctuation, and thus sup-
ports the scenario that the spin nematic fluctuation based on
the QS AF = (pi, 0) correlation is responsible for the pseudogap
opening below T ∗RH . Details will be published elsewhere.
Even in the as-grown sample, we assume that some kind
of pseudogap opens below ≈ 150 K. However, the origin may
be different from that of the superconducting samples men-
tioned above. Excess iron in the as-grown samples may sup-
press the electronic coherence and thus the spin correlations
with QS AF = (pi, 0); instead, it may stabilize spin correla-
tions of the parent compound, QDSAF = (pi/2, pi/2), causing
another pseudogap to open. In this case, T ∗RH never appear,
because T ∗RH is associated with the development of the spin
correlations with QS AF = (pi, 0). In fact, development of the
spin correlations with QDSAF = (pi/2, pi/2) have been reported
in non-superconducting FeTe1−xSex with x = 0.45 and excess
iron [44].
Another possible explanation for the existence of the pseu-
dogap below T ∗RH is preformed Cooper pairing. Recently,
Fe-based superconductors, especially the “11” system, have
been argued to exist deep inside the crossover regime between
8weak-coupling Bardeen-Cooper-Schrieffer (BCS) and strong-
coupling Bose-Einstein condensate (BEC). In FeSe, the onset
of strong nonlinear diamagnetism, which provides evidence
for the prevailing phase fluctuations of superconductivity, has
been shown at ≈ 20 K [46], which more than twice exceeds
its Tc ≈ 8.5 K. FeTe1−xSex has been shown to exhibit a large
superconducting gap ∆ and small values for the Fermi energy
F [47, 48]; the ratio ∆/F ≈ 0.5 suggests that this system is
within the BCS-BEC crossover regime. Therefore, preformed
Cooper pairing above Tc may be possible in this FeTe1−xSex
system. Much more effort would be required to clarify the
origin of the pseudogap and to understand the role it plays in
superconductivity.
In summary, the x-T phase diagram of Fe1+yTe1−xSex (0
≤ x ≤ 0.4) was studied by performing various transport mea-
surements on samples with and without Te-annealing. In
the superconducting samples (Te-annealed samples with 0.08
≤ x ≤ 0.4), the incoherent to coherent crossover transition,
which is accompanied by the opening of the pseudogap, was
found to occur in two steps. First, only the in-plane state be-
comes coherent at higher temperatures below T ∗∗RH (and T
∗
ρab≈ 150 K for x = 0.2). Second, both the in-plane and out-
of-plane states become coherent with the multi-band nature
at lower temperatures below T ∗RH (and T
∗
ρc
≈ 50 K for x =
0.2). Based on these results, we established a new x-T phase
diagram, which may be inherent to the strongly correlated
Fe1+yTe1−xSex system. The phase diagram reveals that, not
only the emergence of the phase with a multi-band nature but
also the coherent transition with the pseudogap, are primarily
important for the occurrence of superconductivity.
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